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Abstract 
In comparison with high-speed cutting and electrical discharge machining, laser milling is the most universal method for shaping of 
any type of materials (including natural and artificial diamonds, alloys etc.) 
The investigation of laser milling was done using Q-switched YAG laser. It was found that the highest productivity and quality of 
the processing of super-hard materials  (when the material is removed layer-by-layer) could be achieved when laser milling is done 
without the formation of liquid phase or when its quality is minimal (artificial diamonds, borazon). 
The main reason for the low quality of milling of super-hard materials is uncontrollable surface roughness that is formed when 
liquid phase is expelled from the hole that is formed under the influence of laser beam. The height of micro-roughness of the 
processed surface is equal to the thickness of the removed layer. That is why at laser milling of super-hard materials, stainless steels 
and other similar materials it is recommended to use special techniques that are based on the constant shift of the focusing spot 
(from layer to layer) according to a specific algorithm 
 
© 2013 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of Professor Bert Lauwers  
Keywords: laser, milling,quality, modeling, superhard materials 
1. Introduction 
Use of laser beam for milling applications is a 
universal technological process capable for processing  
of any  type of materials [1-5] (ceramics, artificial and 
natural diamonds, hard alloys, steels etc.). As well as in 
traditional milling we can: 
 implement layer-by-layer material removal 
technology;  
 constant tool (focused laser beam) penetration into 
the workpiece body; 
 absence of intersection with untreated surface of the 
workpiece; 
 changing of layer thickness to be removed depending 
on the properties of the workpiece. 
In general, Q-switched lasers wavelength 1,06 μm, 
average beam power Pm up to 100W, pulse frequency n 
up to 50kHz) are used to perform laser milling because 
of some peculiarities of laser-material interaction.  A 
single pulse (duration  tP  - 100-500 ns, power PP up to 
5 kW) forms b means of evaporation a single crate with 
the diameter of 10-200 μm and depth ranging from  1 to 
100 μm. At the same time, the material of the workpiece 
undergoes phase and structural changes while interacting 
with focused laser beam [2,3]. Unlike laser drilling, 
where the deposition of molten material has a 
symmetrical character [3], laser milling has some 
peculiarities. Some part of the molten phase is 
eliminated from the crate under the influence of the back 
pressure of plasma plume and shockwaves, and, 
consequently, is deposited all around the crate thus 
distorting the workpiece surface and the crate itself 
forcing user to repeat the surface processing  once again, 
thus increasing milling time.  
In order to increase the efficiency of laser milling it is 
necessary to increase the number of passes of «tool» per 
time unit (the processing speed VS ), maintaining the 
overlap coefficient OD unchanged [1,2] (usually overlap 
coefficient is about 80-90%where the distance between 
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neighbour crates is 1 to 10 μm and the distance between 
milling grooves  StepOX is about 5-10 μm). The increase 
of the distance between grooves ( and the decrease of the 
milling time) could be achieved changing the angle of 
the groove to be milled [2]. It is worth to mention that 
the value of OD could be kept constant by increasing the 
pulse frequency  n that equals to 30-50 kHz.  This leads 
to the decrease of peak power  PP of a single pulse 
(Fig.1) due to the increase of pulse duration tP  
(although the average power Pm  is on increase) and 
lowers the thickness of the material that could be 
removed per pass. 
This paper presents the implementation of the 
developed processing technique of laser milling of 
intractable materials that guarantees maximum  
productivity of technological process. 
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Fig. 1. Single mode mean power Pm (1), pulse duration tP (2) and 
pulse peak power PP (3) t n. 
2. Experimental set-up and methodology 
Research was done using experimental set-up that 
consists of Q-switched YAG laser with mean power 
ranging from 10 to 40 W equipped with 3D-coordinate 
table. In some cases scanning system RAZORSCAN-15 
(position 3, Fig.2) was used as a substitution for optical 
unit (positions 2 and 4, Fig.2). 
Some experiments that required rotation of the 
workpiece were done using screw-cutting lathe  with 
incremental sensor (80000 pulses per rotation) and a 
separate precise drive for linear movement, equipped 
with Q-switched YAG laser (Pm = 40W) and focusing 
unit. 
For the technological process of laser milling it is 
necessary to know the parameters of caustic surface (size 
and position of beam waist and asymptotes' angles of 
inclination) formed by focusing system. A scanning 
diaphragm method was used to find parameters of the 
caustic surface with further approximation of received 
values of the diameter of laser beam by hyperboloids of 
revolution.  Figure 3 shows fragments of caustic surface 
formed by objectives with different focal distances F.  
Optical elements with long focal distances could be used 
for processing of deep holes and grooves with walls 
inclination  up to  20. In this case there is no shielding of 
laser beam by the workpiece. 
 
Fig. 2. Experimental set-up, where: 1-laser; 2-laser beam rotation unit; 
3- scanning system; 4  focusing unit; 5- spindle; 6-rotator; 7-working 
table 
Numerical simulation was used to determine initial 
data for the development of laser milling technological 
process. The nonlinear time-dependent equation of heat-
conductivity with non-linear treatment of phase changes 
was used for simulation that was solved using finite 
difference technique by sweep method.  Results of 
simulation (temperature distribution, dissociations, 
dimensions of the evaporation and melting zones at 
different times) were compared with the experimental 
results.   
Double Linnik microscope and BMI microscope were 
used for measuring purposes.  
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Fig. 3. Caustic diameter wz to the defocusing of the objective DF, 
where: 1- caustic surface formed by an objective with focal distance F 
=50mm, 2 - caustic surface formed by an objective with focal distance 
F =100mm, 3,4  asymptotes of caustic surfaces formed by objectives 
with  F =50mm and F =100mm respectively 
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3. Experimental results and discussion 
Results of laser beam interaction with matter 
significantly depends on the processing regimes and 
properties of the workpiece material. In case of laser 
milling the processing quality depends on the 
mechanisms of material destruction. For example, let's 
consider two cases where pulse frequency equals  3 and 
50 kHz (diameter of laser beam rP equals 0.025 mm). 
Peak power densities PP equal  2.45*104  W and 
1.17*103W respectively. Pulse duration then equals 150 
and 480 ns respectively (Fig.1). Figure 4  shows 
calculated temperature distribution while processing 
hard alloy VK8 (VK8 composition: 92% WC and 
8%Co) at different pulse frequencies.  
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Fig. 4. Temperature distribution in VK8 at laser pulsed processing (rP 
=0.025mm, Vs=50mm/s), where: a) PP = 2.45*104W, tP =150ns, pulse 
frequency - n =3kHz; b) PP = 1.17*104W, tP =480ns, n =50kHz; c)  
temperature scale 
Although the pulse duration was very small and laser 
beam power density was high a significant amount of 
molten phase is observed during laser milling (Fig. 4) 
that lately is expelled from the processing zone by 
erosion plasma. When molten phase solidifies on the 
surface of the workpiece it distorts the profile of the 
groove (Fig.5). There is a specific sequence of phase 
transformations for laser heating of VK8 alloy. At the 
temperature of 14940
and, lately, at the temperature of 27200
carbide melts and dissociates. With further increase of 
incoming energy cobalt evaporates and Wolfram 
continues to melt and starts to evaporate. Laser 
processing of this material requires high energy inputs 
comparing to commonly used materials. 
Unlike hard alloy VK8, that undergoes at laser 
processing with nanosecond pulses phase changes like 
melting  evaporation, heating of intractable material 
based on cubic boron nitride (borazon) has some 
differences. Slow oxidation of borazon starts at the 
temperature higher then 20000  temperature 
28500  normal atmospheric pressure it breaks into 
hexagonal boron nitride, which, in turn, breaks into 
boron and nitrogen thus facilitating laser processing of 
this material. 
For the processing regimes mentioned in Fig. 3 and 
Fig. 4 the calculated zone of destruction (dissociation) of 
borazon (Fig. 6) is significantly higher than the 
dissociation zone of VK8 hard alloy (Fig. 3). In 
comparison to VK8 hard alloy, borazon has lower 
density and heat capacity (although the heat conductivity 
of these materials is almost equal). Although, due to 
high specific dissociation heat laser processing of 
borazon is highly efficient. The absence of liquid phase 
al laser milling of borazon affects roughness of 
processed area (Fig. 7) that has regular relief and repeats 
laser beam travel path along the workpiece surface.   
 
 
 
 
b) 
Fig. 5 VK8 surface after laser processing at different regimes  (rP 
=0.025mm, Vs=50mm/s, StepOX =0.02mm), where: a) PP = 
2.45*104W, tP =150ns, pulse frequency - n =3kHz; b) PP = 
1.17*104W, tP =480ns, n =50kHz; 1- untreated workpiece; 2- 
processed workpiece; 3- scale. 
We can make a conclusion that laser milling of alloys 
that break into separate chemical elements (artificial and 
natural diamonds, borazon, ceramics) is not a problem 
and it is possible to reach such state of processing when 
contour of the milled surface is the same as laser beam 
travel path [6,7]. Obviously, when one decreases the 
value of StepOX the milling depth and surface roughness 
decreases as well  (Fig.7b). 
Typical technological process that employs layer-by-
layer material removal scheme is manufacturing of 
nozzles and dies out of intractable materials [4-6]. 
Implementation of multi-coordinate processing systems 
helps to manufacture nozzles out of artificial diamonds 
that consist of initial and end cones and calibrating part 
(positions A, C, B correspondingly, Fig.8 ) [6]. 
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Fig.6 Temperature distribution in borazon at laser pulsed processing 
(rP =0.025mm, Vs=50mm/s), where: a) PP = 2.45*104W, tP =150ns, 
pulse frequency - n =3kHz; b) PP = 1.17*104W, tP =480ns, n 
=50kHz; c)  temperature scale 
 
a) 
 
b) 
Fig. 7. Borazon surface after laser processing at different regimes  (rP 
=0.025mm, Vs=50mm/s, StepOX =0.02mm), where: a) PP = 
2.45*104W, tP =150ns, pulse frequency - n =3kHz; b) PP = 
1.17*104W, tP =480ns, n =50kHz; 1- untreated workpiece; 2- 
processed workpiece; 3- scale. 
 
ABC D
 
Fig. 8. Nozzle sketch: initial (A) and end (C ) cones, calibrating (B) 
and  outer part D 
Knowing the properties of caustic surface it is possible 
to avoid shielding of laser beam (Fig.3) by the 
workpiece while processing cylindrical parts 
(calibrating, outer and end parts) of the nozzle (Fig.8). 
Figure 9 shows main stages of nozzle manufacturing, 
whereas Figure 10 shows manufactured nozzles within 
the workpiece (tablet of artificial diamond with the 
diameter of 7 mm and thickness of 5 mm). 
Preliminary experimental results showed that at laser 
milling at low frequencies (Fig. 4a and Fig. 6a) bigger 
amount of material is removed. On the other hand, the 
surface roughness is significant, since liquid phase of the 
removed material solidifies on the milled surface. It has 
a chaotic appearance and the micro-hardness values, in 
some cases, are equal or even exceed the milling depth 
(Fig. 5b). This is a common case  not only for hard 
alloys but also for ordinary steels. As it was noted 
earlier, continuous (from layer to layer) change of angle 
at which milling grooves are formed leads to smaller 
values of surface roughness [2]. In this case laser milling 
should be done at higher pulse frequencies that, in turn, 
lead to lower material removal depth. In most cases this 
processing is very time-consuming.  
It is possible to keep appropriate surface roughness 
and high productivity of laser milling making some 
changes to the processing scheme - the necessary depth 
is reached by using two laser passes instead of one.  
 For example, the required groove depth is achieved 
by two passes, where:  
 for the first pass (Fig.11,a-d)  single crate is formed 
(trying to keep the symmetry of the holes); 
 for the second pass (Fig.11, e-h)  gaps between crates 
are removed and the required surface is formed.   
 
w w
w
w
1      2       3
a)                                   b)
c)                                    d)  
Fig. 9. Nozzle forming stages a) manufacturing of inlet cone: 1  base; 
2  workpiece; 3-caustic surface b)  -
d)-direct cutting of workpiece  
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Fig. 10.  
Symmetrical position of separate crates with the 
diameter Dp is possible when forming them at angle a 
of 600, 450 and 300 given that DL=2DP (just like at 
manufacturing of printing rolls) (Fig. 11).  
Figure 12 shows top view and profile of workpiece  
after the first (Fig.12 a,b) and second laser beam pass   
(Fig.12 c). The workpiece material is VK8 steel and it 
was processed according to the scheme shown in Figure 
10a,e. The processing results were compared  to those 
that were processed according to ordinary scheme  (Fig. 
5 -to melt materials it is 
possible to avoid spatter on the processed surface and to 
increase the productivity and quality of the processing. 
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Fig. 11. Manufacturing of first layer (a-d) and second layer  (e-h) of 
single crates (holes) at different angles, where: 1- 1st layer; 2- 2nd 
layer, a) processing angle 600; b) processing angle 450
angle 300; c)  no inclination (900). 
Given that all processing parameters that guarantee  
the formation of crates with equal depth, crate diameter 
DP and distance between crates DL (Fig.11
unchanged (mean power, focusing distance and pulse 
frequency), laser processing time significantly depends 
on  a. Thus, for the piece of surface with length   SOY 
and width SOX (idle movements are not considered) the 
laser beam travel distance  SL could be calculated using 
(1).  
StepOXSSSS OXOYOXL  (1) 
The processing speed would then be equal to  
Vs=DL*Sin *n and, consequently, the processing time 
will be different for following processing regimes 
(workpiece dimensions: SOY=SOX=100mm, DP= 0.05mm, 
n = 3kHz). The processing time will be 25.7 minutes for 
angles a 300 and 600 and 22.3 minutes for angles  a 450 
and 900. Greater processing time in the first case is 
explained by lesser laser beam travel speed along the 
axis  OY (for angle of 300) and by the increase in laser 
beam travel path  SL (for the angle of 600) due to the 
decrease in StepOX (Fig.11). We think that optimal  
processing regime would be when processing angles 450 
and 00 are used. 
Although, when laser beam travel speed remains 
unchanged but we need to process surfaces with 
different dimensions in one cycle our assumptions are 
not so obvious. 
For instance, to produce the printing roll with 
diameter of 175 mm and pattern length of  549 mm with 
polished metal surface (workpiece material  chromium 
coated steel with thickness of 500 μm) it is necessary to 
guarantee required groove depth (70, 140 and 210 μm) 
for the formation of micro-relief that applies paint to the 
paper. This task was solved using laser milling technique 
using experimental laser equipment presented in Figure 
13. The spindle rotated at the speed of 10-40 
rotation/min (linear speed  91.6-366.5mm/s). 
Depending on the step caliper (that depends on the angle  
a in our case)  the laser beam processing time may vary 
from 100 to 3 hours.  
 
 
Fig. 12. Processed surface (VK8 steel) with crates (holes) 
manufactured with angle a=600 (a) and its profile after the first laser 
pass (b) and second laser pass (c), where: 1- untreated part; 2- laser 
processed part; 3- scale. 
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Modeling of the technological process of laser milling 
was done using experiment planning technique. Since 
laser pulses were dependant on the position of 
incremental sensor with controllable arc step of 6.8 μm 
on the diameter of 175 mm it was impossible to shift the 
origin for the second laser pass for the angle a =600 
(Fig.11e). We decided to build several models of the 
process (for each a taking a values 450 and 300). We 
designed quadratic models using fully saturated 
Rechtschaffner designs for three technological factors 
[7].  
Independent variables for this design were: arc length 
(corresponds to StepOY in Fig.11) that changed from 
13.7 μm (lower level) to 41.23 μm (upper level), number 
of spindle rotations w (from 10 to 40 rotations/min) and 
defocusing DF (for the focal distance of 50 mm) that 
changed from 0.3 to 0.6 mm. Milling depth and surface 
micro roughness were used as a response factors. 
Additional experiments were done on the centre of the 
designed plans to verify the adequacy of the models. In 
total, 11 experiments that were repeated with triple 
repetition were carried out in order to build models for 
each value of  a.  
 
 
Figure 13. Laser milling of print roll 
Upon the completion of experiments, building of 
models and verification of statistical hypotheses 
(uniformity of dispersions and adequacy of models) 
optimal processing regimes were found ( laser milling 
down to the depth of 70 mm with minimal micro 
roughness in two laser passes was used as a target 
function) using Hooke and Jeeves [8]. We found that for 
similar processing conditions (StepOY, w and DF) laser 
milling in two passes with milling of separate crate 
(hole) at the a=450 guarantees deeper milling that could 
be explained by smaller distance DL between separate 
crates (holes) (Fig. 11). It took 16,6 hours to remove a 
layer of material in two passes using laser milling. The 
whole pattern was milled in 50 hours. Processing time 
could be shortened using more powerful lasers.  
For a given laser power (Pm=40 W), processing speed 
(Vs=366 mm/s) and processing conditions (OD=80-
90%) 3 to 4 laser passes are required to mill the pattern 
with the depth of 80 μm (the height of micro relief was 
less than 5-7 μm). It means that this technology would 
be of a great use when it is necessary to process material 
that form a significant amount of liquid phase at laser 
processing. 
4. Summary 
 It was established that at laser milling of intractable 
materials with solid-state Q-switched lasers it is 
possible to achieve the maximum milling depth 
without the formation of liquid phase 
 In order to increase the productivity and quality of 
laser milling in the case when a significant amount of 
liquid phase form (intractable materials, hard alloys) 
it is advisable to mill in two passes. First laser pass 
forms crates that are positioned symmetrically and the 
second laser pass breaks bridges between crates thus 
forming the surface with required roughness 
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